Purpose The potential of aerosol phage therapy for treating lung infections has been demonstrated in animal models and clinical studies. This work compared the performance of two dry powder formation techniques, spray freeze drying (SFD) and spray drying (SD), in producing inhalable phage powders. Method A Pseudomonas podoviridae phage, PEV2, was incorporated into multi-component formulation systems consisting of trehalose, mannitol and L-leucine (F1 = 60:20:20 and F2 = 40:40:20). The phage titer loss after the SFD and SD processes and in vitro aerosol performance of the produced powders were assessed. Results A significant titer loss (~2 log) was noted for droplet generation using an ultrasonic nozzle employed in the SFD method, but the conventional two-fluid nozzle used in the SD method was less destructive for the phage (~0.75 log loss). The phage were more vulnerable during the evaporative drying process (~0.75 log further loss) compared with the freeze drying step, which caused negligible phage loss. In vitro aerosol performance showed that the SFD powders (~80% phage recovery) provided better phage protection than the SD powders (~20% phage recovery) during the aerosolization process. Despite this, higher total lung doses were obtained for the SD formulations (SD-F1 = 13.1 ± 1.7 × 10 4 pfu and SD-F2 = 11.0 ± 1.4 × 10 4 pfu) than from their counterpart SFD formulations (SFD-F1 = 8.3 ± 1.8 × 10 4 pfu and SFD-F2 = 2.1 ± 0.3 × 10 4 pfu). Conclusion Overall, the SD method caused less phage reduction during the powder formation process and the resulted powders achieved better aerosol performance for PEV2. 
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INTRODUCTION
Infectious respiratory diseases are among the most communicable of all diseases. They are also becoming increasingly lethal due to the increased emergence of bacterial resistance against most antibiotics (1, 2) . In particular, Pseudomonas aeruginosa, Staphylocccus aureus and Burkholderia cepacia complex, the major pathogens identified in chronically infected cystic fibrosis (CF) patients, lead to elevated morbidity and mortality risk (3, 4) . Although antibiotics remain an effective means of treating bacterial lung infections (5-7), the alarming rise of multidrug-resistant (MDR) bacteria and the slow development of new antibacterial compounds have highlighted the need for alternative therapies (4, 8) . Bacteriophages (phages) are viruses that infect and replicate inside bacterial hosts, causing bacteriolysis. Phage therapy was discovered and proposed to treat human bacterial infection in the early 1920s. Early success of the phage therapy led to the development of many commercial phage preparations in the 1920s and 1930s, but its efficacy remained questionable as the understanding of the phage biology was very limited during that time (9) . Due to the advent of antibiotics in the 1940s, it was largely forgotten after a short period of development in Western medicine. On the other hand, it continues to be refined and is widely used in the former Soviet Union and Eastern Europe to this day to treat patients, with the Eliava Institute in Tbilisi (Georgia) as one of the key centers (9-12). Debarbieux et al. (13) highlighted three main characteristics that distinguish phage therapy from antibiotic therapy: i) phages multiply at the infection site; ii) they typically have a narrow host range infecting only a specific bacterium, whereas antibiotics often eradicate a broad spectrum of bacteria; and iii) they can adapt to resistant bacteria. To help combat the rapid dissemination of MDR bacteria, the concept of phages for therapeutic use has been slowly re-introduced to the Western world. Recently, a number of in vitro infection models (14, 15) , animal models (16) (17) (18) and clinical evidence (11, 12, (19) (20) (21) (22) have shown the potential of phage therapy in the clearance of MDR bacteria, suggesting it as a highly effective alternative to traditional antibiotics. In addition to using phages as an independent means to treat antibiotic-resistant bacterial infections, combining phage with traditional antibiotic therapies to enhance treatment outcomes has also been proposed (23, 24) .
Despite a large number of novel phages having been isolated and characterized to target broad-spectrum antimicrobial resistance of P. aeruginosa and B. cenocepacia (25) , the route of delivery could be critical for successful application of phage therapy to treat respiratory infections. Pulmonary delivery of phages may be an efficacious administration route as phages are delivered directly to the site of infection, circumventing clearance effects caused by the human immune and reticuloendothelial systems. Most phage research for respiratory infections in the past has been confined to liquid aerosols using intranasal instillation (13, 16, 17, 26) and nebulization (12, 27, 28) . Few studies have examined formulating phages into inhalable dry powder form for ease of storage, transport and administration (29) (30) (31) (32) .
With the right choice of excipients, freeze drying has been demonstrated to be an excellent technique in stabilizing phages in the solid state for long-term storage (33) (34) (35) . Golshahi et al. (29) successfully produced respirable phage powder by micronizing a lyophilized lactose/lactoferrin (60:40 w/w) matrix containing phages KS4-M or ΦKZ (targeting P. aeruginosa and B. cepacia complex) using a mixer mill. This powder preparation process resulted in only a 1-2 log titer loss and the powders had reasonable in vitro aerosol performance, with a fine particle fraction of~33%. Later, Matinkhoo et al. (30) demonstrated the feasibility of spray drying (SD), a widely used technique to produce fine drug particles for pulmonary delivery, as a single-step method to produce phage powders. Multi-component excipient systems consisting of trehalose, leucine and a third excipient, either a surfactant or casein sodium salt, were used to stabilize KS4-M, KS14 and cocktails of phages ΦKZ/D3 and ΦKZ/D3/ KS4-M in powder form. Due to the low outlet temperature (40-45°C), only 0.4-0.8 log titer loss was noted after the spray drying process. An in vitro lung dose of up to 82.7% was reported for these powders. The suitability of spray drying for producing inhalable powders containing phages (a podovirus phage LUZ19 against Pseudomonas strains or a myovirus Romulus phage against Staphylocccus strains) were also reported by Vandenheuvel et al. (31) . The susceptibility of phages to the powder production method was phage dependent-whereas LUZ19 suffered less than 1 log titer loss, more than 2.5 log titer reduction was noted for Romulus. They also reported that trehalose was more efficient in preventing phages from inactivation during the production process, compared with lactose and dextran 35. Their subsequent study (32) , however, highlighted the importance of suitable storage conditions in preserving the stability of phages embedded in the spray dried trehalose powders.
Thus, while dry powder phage formulations have been processed successfully by spray drying, the powder performance appears to be highly dependent on the phage type, formulation excipients and their concentrations, and production process. Recently, porous particles prepared by a spray freeze drying (SFD) technique have been demonstrated to be capable of delivering nanoparticles to the lungs (36) . As reported therapeutic phages are generally in the nanosize range (~100 nm), SFD can potentially be used to carry and stabilize phages in an aerosol formulation. This study, therefore, compared the suitability of spray drying and spray freeze drying techniques in formulating phages into inhalable dry powders. Multi-component excipient systems composed of different ratio of trehalose, mannitol and leucine were used as the bulking and stabilizing agents. The stability of phage after the powder production process and the in vitro aerosol performance of the formulation were both assessed.
MATERIALS AND METHODS
Materials
An N4-type, lytic podovirus bacteriophage, PEV2, active against P. aeruginosa was supplied by AmpliPhi Biosciences AU at a titer of 2.2 × 10 9 pfu/ml, stored in salt-magnesium buffer (SMB, 5.2 g/l sodium chloride, 2 g/l magnesium sulfate, 6.35 g/l Tris-HCl, 1.18 g/l Tris base and 0.01% gelatin solution, with pH adjusted to 7.5) and it was used here without further purification. The Kutter lab originally isolated it by enrichment from the sewage treatment plant in Olympia, WA, USA, using P. aeruginosa dog-ear strain PAV237 (37) . Its molecular and physiological characteristics have been documented in Ceyssens et al. (37) . PEV2 was used in this study because it has been shown to efficiently infect P. aeruginosa strains isolated from CF patients, under aerobic, anaerobic and biofilm conditions (14, 37) . The powder matrix systems were composed of different amounts of D-(+)-Trehalose dihydrate (Sigma-Aldrich, NSW, Australia), mannitol (Rocquette Frères, Lestrem, France) and L-leucine (SigmaAldrich, NSW, Australia). Table I shows the composition and the preparation method of the four formulations prepared in the present study.
Spray Freeze Drying
A volume of 50 ml sugar and amino acid mixture solution at a total solid concentration of 2 wt% was prepared with pH adjusted to 7-7.5 using 1 M hydrochloric acid and 1 M sodiu m h y d r o x i d e . T h e n 0 . 5 m l p h a g e s u s p e n s i o n (titer = 2.2 × 10 9 pfu/ml) was added to the sugar mixture, resulting in 100 times titer dilution. The phage viability in the sugar solution before spray freeze drying was confirmed with plaque assay (38) . The phage containing mixture was then fed via a digitally controlled syringe pump at 1 ml/min into a 48 kHz ultrasonic nozzle (Sono-Tek Corp., NY, USA). A small amount of the sprayed droplets (~0.5 ml) were collected to examine the damaging effect of the spraying process on the phage titer. Then the atomized droplets were collected in a 250 ml beaker filled with liquid nitrogen. Excess liquid nitrogen was allowed to boil off and the frozen droplets were lyophilized at −30°C for 24 h and then at 25°C for 48 h in a freeze drier (Christ Alpha 1-4 LOC-1 M, Martin Christ, Osterode am Harz, Germany). The SFD powders were collected inside a relative humidity controlled chamber (RH < 20%) and stored in a desiccator at 4°C before being used.
Spray Drying
The phage and excipient mixtures were prepared as above and spray dried using a Büchi 290 spray dryer coupled with a conventional two-fluid nozzle for droplet atomization. The mixture was fed at a flow rate of 1.8 ml/min and atomized with compressed dry air at 742 l/h, and a small sample of the atomized droplets was collected to confirm the phage titer. Then the spray drier was run at an aspiration rate of 35 m 3 / h and inlet temperature of 60°C. The outlet temperature was recorded to be 40-45°C. Low outlet temperatures were used to minimize phage inactivation during the drying process (39) . The SD powders were collected inside a relative humidity controlled chamber (RH < 20%) and stored in a desiccator at 4°C before use.
Phage Viability Test
The concentration of viable phage in the solution and powder samples was determined by the Miles-Misra surface droplet technique (38) . Phage containing powders were dissolved in SMB to give a concentration of 50 mg/ml. Serial dilutions of the solution samples were performed by adding 20 μl sample to 180 μl SMB. A volume of 200 μl host bacteria containing 2 × 10 9 colony forming units (cfu) was mixed with 5 ml molten soft agar (0.4% Amyl agar, 48°C). The mixture was overlayed onto a solidified NB agar plate made of 1.5% Amyl agar and Nutrient Broth. Then, 10 μL of diluted phage samples were dropped onto the agar lawn and left to air dry for 20 min, and the plates were incubated overnight at 37°C. Samples that gave rise to 3-30 plaque forming units were use to determined the phage titer.
Powder Characterization
Scanning Electron Microscopy (SEM)
Morphologies of the SFD and SD powders were obtained using a field emission scanning electron microscope (SEM) (Zeiss Ultra Plus, Carl Zeiss NTS GmbH, Oberkochen, Germany) at 5 kV. The samples were prepared on carbon tape and sputter coated with approximately 15 nm of gold using a K550X sputter coater (Quorum Emitech, Kent, UK) before imaging.
X-ray Diffraction (XRD)
The crystallinity of the produced powders was examined using an X-ray diffractometer (Model D5000; Siemens, Munich, Germany) under ambient conditions. Samples were spread on glass slides and subjected to Cu Kα radiation at 30 mA and 40 kV. The scattered intensity was collected by a detector for a 2θ range of 5-40°at an angular increment rate of 0.04°2 θ / s.
Dynamic Vapor Sorption (DVS)
The moisture sorption profiles of the SFD and SD samples were analyzed using a DVS instrument (DVS-Intrinsic, Surface Measurement Systems, London, UK). Each sample (5 ± 1 mg) was subjected to a dual moisture ramping cycle of 0 to 90% relative humidity (RH) at a step increase of 10% RH. Equilibrium moisture content at each RH was defined as dm/ dt of 0.02% per minute.
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)
The thermal properties of the powders were analyzed using a differential scanning calorimeter and thermogravimetric analysis (Mettler Toledo, Greifensee, Switzerland). For DSC measurement, each sample (5 ± 1 mg) was weighed in an aluminium crucible which was then crimped to a perforated lid and heated from 30 to 300°C at a rate of 10°C/min under 250 cm 3 /min nitrogen purge. For TGA measurement each sample (5 ± 1 mg) was weighed in an alumina crucible and heated from 30 to 400°C at a rate of 10°C/min with dynamic nitrogen flow. The data was analyzed using STARe software (V.9.0x; Mettler Toledo, Greifensee, Switzerland).
In Vitro Aerosol Performance
The aerosol performance of the produced powders was assessed by dispersing 20 mg of powder into a Multi-stage Liquid Impinger (MSLI) using an Osmohaler™ at 100 l/ min for 2.4 s. A Next Generation Impactor was not used because the silicon grease (Slipicone ® ; DC Products, VIC, Australia) that is generally used to minimize particle bounce was found to inactivate the PEV2 phage. The damaging effect of silicon grease was also reported in Dixit et al. (40) . Size 3 hydroxypropyl methylcellulose (HPMC) capsules (Capsugel, NSW, Australia) were used for powder loading. While one capsule was used for the SD powder, SFD powders were loaded into four capsules due to its low powder density. Due to the high hygroscopicity of some formulations, all capsule filling was done in a humidity controlled (~17%) box. All dispersion experiments were conducted in triplicate at RH = 50 ± 5% and 20 ± 5°C. Preliminary experiments showed that the PEV2 phage was not very stable in deionized water, as is true for most phage. However, the presence of SMB had a significant impact on the chemical assay of trehalose and mannitol using High Performance Liquid Chromatography (HPLC). Therefore, separate dispersions were performed with SMB and pure water as the collecting solvent to determine the deposition profiles of the phage and the sugar excipients, respectively. The lower cutoff diameters of the MSLI stages 1-4 at 100 l/min are 10.1, 5.3, 2.4 and 1.32 μm, calculated with the adjustment equations given in Appendix XII C of the British Pharmacopoeia. The fine particle fraction (FPF) was defined as the mass fraction of particles ≤5.0 μm with respect to the recovered dose. The cumulative fraction of particles with aerodynamic diameter ≤5.0 μm, corresponding to the FPF, was determined by interpolation.
Chemical Assay
The deposition of trehalose and mannitol at the capsule, inhaler, adaptor and each part of the MSLI was determined using a HPLC system (Model LC-20; Shimadzu, Japan) using RI detection. The configuration consisted of a CBM-20A controller, LC-20AT pump, RID-10A RI detector, SIL-20A HT auto-sampler, and LCSolution software. An amino acid column (Phenomenex Luna NH2, 5 μm, 100 Å, 250 × 4.6 mm) was used. The mobile phase was a mixture of water (30%) and acetonitrile (70%). The solvent peak of pure water was found to overlap with the trehalose and mannitol peaks, so the 300 μl dispersion samples were mixed with 700 μl acetonitrile before HPLC analysis. The calibration curves for trehalose and mannitol were linear in the concentration range of 0.05-1 mg/mL (R 2 = 0.999, n = 3). However, some samples were below the detection limit after the dilution with acetonitrile. Therefore, the dispersion samples were concentrated by evaporating 1.5 ml dispersion samples inside a 60°C oven overnight and reconstituting the dried powder in 300 μl deionized water before adding 700 μl acetonitrile for HPLC analysis.
RESULTS AND DISCUSSION
Phage Viability
The viability of the PEV2 phage after each processing step during powder production was examined and the reduction in titer is shown in Fig. 1 . When the phage suspension was mixed with the excipient solution (before spraying),~0.5 log titer loss was noted for all formulations. The change in the ionic strength due to the dilution of the phage storage buffer (100 times dilution) could be responsible for the phage inactivation.
The ultrasonic nozzle employs high frequency (48 kHz in the present study) vibration to break liquid into small droplets of narrow size distribution; the two-fluid nozzle atomizes liquid droplets due to high frictional shearing forces between the liquid surface and the high velocity air. In general, PEV2 phage was more susceptible to the high vibration energy compared with the high shearing forces during the atomization step. The titer loss after the ultrasonic nozzle spraying was 2 log, while only a~0.75 log reduction was noted for the phage solution after spraying with the two-fluid nozzle. The titer loss was found to be independent of the formulation compositions for both droplet generation methods.
In the spray freeze drying technique, the atomized droplets fell into liquid nitrogen and froze instantly. The collected frozen droplets were subsequently dried under vacuum, where both frozen and non-frozen bound water were removed through sublimation to generate porous dry particles. When considering the drying process only, spray drying caused more phage damaged compared with the freeze drying. The total titer reduction in SFD formulation, however, was higher than the SD formulation, which was due to a much higher titer loss in the spraying process using the ultrasonic nozzle in SFD. The sprayed formulations SFD-F1 and SFD-F2 showed negligible difference in the titer before and after the lyophilization process (Fig. 1) , suggesting that phage activity was preserved well by these excipient systems during the freeze drying step. In fact, the excellent capability of trehalose in preserving the activity of protein during freeze drying has been documented (41) . In contrast to freeze drying, significant titer reduction was observed after the spray drying with an inlet temperature of 60°C (outlet temperature ranged 40-45°C), regardless of the formulation compositions. The higher titer loss was presumably due to heat, but there were potentially other confounding factors such as heating and aspiration rates.
Overall, the spray drying method produced powders with higher phage viability than the ultrasonic spray freeze drying technique. Whether spray drying remains a superior approach in producing phage powder in comparison with nontraditional approaches to spray freeze drying, such as atmospheric spray freeze drying (42, 43) , is a topic for future work. Figure 2 shows the SEM images of the produced SFD and SD powders. The SFD particles (left panel) were spherical in shape and had a geometric diameter of~30 μm, which corresponded to the initial droplet size generated by the ultrasonic nozzle. As water was removed by sublimation during the freeze drying process, the SFD particles were highly porous. From Fig. 2 , it is clear that most SFD-F1 particles lost their porous structure and shrank, and the surface became quite smooth. Similar results were reported in Sonner et al. (44) , who showed that SFD trehalose particles were highly hygroscopic and SFD mannitol particles were non-hygroscopic. With reduced trehalose content, SFD-F2 (40%) maintained their porous nature well. The SD particles were in principle spherical with two distinct particle sizes-some were 2 μm in diameter and some were sub-micron. Significant particle merging was observed in SD-F1 due to the high trehalose content (60%). The results also suggested that the amount of leucine (20%) may not be sufficient to form a crystalline shell to protect the amorphous trehalose (45) . The degree of particle merging was significantly reduced as the mannitol content (40%) increased because of the crystalline nature of SD mannitol.
Powder Characterization
While trehalose powders prepared by spray drying and freeze drying techniques are dominantly amorphous (46) , mannitol is generally crystalline (36) . Feng et al. (45) showed the formation of a crystalline leucine shell when trehalose was co-spray dried with (≥25%) leucine. Figure 3 shows the X-ray diffraction patterns for the trehalose-mannitol-leucine in SFD and SD samples. All formulations demonstrated a partially crystalline and amorphous structure. Comparing with the SD formulations, more and stronger crystalline peaks were observed in the SFD counterparts. It was noted that the SFD samples became sticky during the sample preparation step. As seen in Fig. 2 , the SFD powders were porous in structure. The enhanced specific surface area could increase the rate of moisture sorption and cause recrystallization of the trehalose component during the measurement, accounting for the stronger crystallinity. Vandenheuvel et al. (32) reported that high humidity (54% RH) could cause crystallization of the spray dried trehalose powder matrix.
Dynamic vapor sorption (DVS) is a useful technique to determine the critical relative humidity storage condition of an amorphous or partially amorphous material to prevent storage above the glass transition temperature or a waterinduced crystallization at a particular temperature. When a material undergoes an amorphous to crystalline transition, the water sorption capacity typically decreases drastically and results in an overall mass loss due to desorption of excess water during re-crystallization (47) . Figure 4 shows the DVS weight change profiles of the SD and SFD powders as the relative humidity increased from 0 to 90% at room temperature. The adsorption profiles of both SD and SFD formulations clearly demonstrated the sorption characteristics of crystallization. The onset relative humidity for the crystallization process was found to decrease with increasing trehalose content. Despite the powder preparation, formulations with 60% trehalose absorbed more water for relative humidity below 80%. From the results, a relative humidity below 20% would be recommended for handling and storage of the phage powders.
The thermal behavior of phage loaded SFD and SD powders obtained by DSC and TGA analysis is shown in Fig. 5 . Formulations containing 60% trehalose (SFD-F1 and SD-F1) showed glass transition temperature (T g ) of trehalose at 80°C (Fig. 5a ). If there is amorphous mannitol presented in the powder matrix, the T g for the powder mixture is expected to decrease with decreasing trehalose content, as mannitol has a much lower T g than trehalose (48) . In this study, as the trehalose content decreased in the formulations, it became very difficult to identify the glass transition in the DSC trace (Fig. 5a ). Chen et al. (49) showed that the glass transition temperature of a mixture of trehalose and hydroxyethyl starch, which is similar to mannitol in that it did not show a T g in the studied temperature range, became questionable around a trehalose content of~40%. A modulated DSC measurement is recommended for more accurate measurement of the T g in these samples.
All SFD formulations had a small endothermic and an exothermic transition event at 150-158°C, followed by a large endothermic melting peak at 166°C (Fig. 5a ). This is a characteristic transition of the δ form of mannitol to the thermodynamically more stable α and β polymorphs (50) . Similar results for SFD mannitol were reported previously (36) . Such transitions were not detected in the DSC traces for the SD formulations, indicating the absence of δ polymorph. Instead, only a large endothermic peak was noted at 130-180°C for SD-F2, corresponding to the melting of α or β mannitol. This peak vanished in SD-F1, which could be attributed to the lower mannitol content (20%).
There was an endothermic peak observed at 210-260°C for all formulations. Lähdea et al. (51) reported that the sublimation point of leucine (~200°C) was lower than its boiling point (~295°C). In addition, the peak height was relatively similar among all formulations, for which only the leucine content was kept constant (20%). Therefore, this peak was very likely accounted by the sublimation of leucine and corresponding to the TGA data (Fig. 5b) .
There was an endothermic peak around 270-290°C, and the heat flow decreased with decreasing trehalose content. According to the TGA curves (Fig. 5b) , the components in the powder formulation start decomposition around 250°C. Hence, this peak could be attributed to the onset of decomposition or oxidation of trehalose.
In-Vitro Aerosol Performance
The deposition profiles, total mass recovery and FPF of trehalose and viable phage of the SFD and SD formulations are depicted in Fig. 6 . Mannitol, the other sugar excipient, shared similar deposition profiles to those of trehalose (data not shown). The total mass recovery (77-93%) for sugar was similar for all SFD (Fig. 6a) and SD (Fig. 6b) formulations. In contrast, the total recovery of viable phage was markedly different between the SFD (88-97%) and the SD (23-25%) formulations. The results suggested that large porous particles provided better protection for the phages during the dispersion, which could be due to their distribution within the particles. During the spray freeze drying process, the atomized droplets were frozen immediately in the liquid nitrogen. As a result, the phages had no time to redistribute themselves and were expected to be uniformly distributed within the particles. On the other hand, water within the atomized droplets gradually evaporated to form solid particles during the spray drying process. Therefore, components within the droplets may have enough time to redistribute within the particles, with the distribution depending on their material properties and the processing parameters (52). As mentioned above, phage particles (~100 nm) are essentially composed of a stable protein capsule enclosing a single molecule of DNA, and tend to reside at the surface of the particle matrices during the drying process (53, 54) . During the dispersion process, phages covering the particle surface might be inactivated upon impaction with the interior wall of the Osmohaler TM DPI, resulting in a low phage recovery (~20%). The results also suggest the amount of leucine added to the formulations might not be sufficient to form a crystalline shell to protect the phages.
In general, the dispersion profiles of the phage samples were consistent with the sugar for SFD-F1. As seen in Fig. 2 , most SFD-F1 particles had lost the porous structure, resulting in the majority of the trehalose depositing on higher stages (Stage 1 and 2) of the MSLI and hence a low FPF value (17%, Fig. 6a ). On the other hand, the porous SFD-F2 particles dispersed well, with most powders depositing at the lower stages of the MSLI and having reasonable high FPF for the sugar (65%) and the phage (44%). The FPF of sugar was much higher than that of the phage for SFD-F2 because a significant amount of sugar was deposited in the filter stage, but no phages were detected there. It was also noted that the phages had higher depositions on the device and the throat than sugar at these positions.
All SD powders had a significantly higher deposition of viable phage than the sugar in the capsule and device. This could be due to the preferential adherence of phage onto the HPMC capsule wall. While more sugar was deposited on the throat and the upper stages of the MSLI (S1 and S2), similar sugar and phage depositions were noted for the lower stages of the MSLI (S3, S4 and filter stage). This resulted in similar FPF values between the sugar and phage for both SD formulations.
The phage loading in the capsules and the in vitro total lung dose of phage after dispersing with an Osmohaler™ at 100 l/min for 2.4 s are shown in Fig. 7 . The total lung dose was determined as the amount of phage embedded in particles smaller than 5 μm i.e. the FPF. Though the FPF for SFD-F1 was only 17%, the total lung dose of viable phage was 8.3 ± 1.8 × 10 4 pfu, higher than SFD-F2 (2.1 ± 0.3 × 10 4 pfu). This is because SFD-F1 provided better preservation of phages, as seen in Fig. 1 . The total lung doses for the SD formulations (SD-F1 = 13.1 ± 1.7 × 10 4 pfu and SD-F2 = 11.0 ± 1.4 × 10 4 pfu) were all higher than the corresponding SFD formulations, despite their higher titer loss (low phage recovery) during the dispersion process (Fig. 6) .
Theoretically, only a small amount of phage should be needed to eradicate the target bacteria as phage is capable of self-replication in situ. However, the importance of phage titer for successful application of phage therapy has been demonstrated in animal models (13, 17, 55) . Soohill (55) showed a dose of 1.2 × 10 7 pseudomonas phage could protect 50% of the mice which were infected with five times of the lethal dose (5LD50 = 1 × 10 8 ) of a strain of P. aeruginosa. Debarbieux and coworkers (13, 17) reported similar results. They noted a >40% survival rate when infected mice (3 × 10 6 cfu of P. aeruginosa) treated with a single intranasal dose of 3 × 10 6 phages, whereas 100% of the animal given 3 × 10 8 phage were protected (17) . In their follow up study (13) , they showed that mice treated with phage in a phage-to-bacterium ratio of 1 : 10 died within 5 days of inoculation with P. aeruginosa of 1 × 10 7 cfu, while those treated with higher phage-tobacterium ratios (1 : 1 and 10 : 1) survived until the end of the experiment (12 days). The lung dose achievable by powders produced in the present study (in the order of 10 5 ) is much lower than the doses used in these animal studies, but the delivery efficiency in the latter studies was not reported. The prediction of actual phage titer in airway surface liquid is highly complex, depending on regional deposition of the phage particles in the lungs (and particularly, within the vicinity of the targeted tissues) which is beyond the scope of the study. Nonetheless, further work on using a higher starting titer (before any process) and improving the process parameters to reduce titer loss in order to obtain a higher viable lung dose are worth exploring.
In term of pharmacokinetics, Payne et al. (56) suggested phage therapy can be classified into two categories: (1) 'passive or inundative treatment', where the phage density is high enough to remove a majority of target bacteria without requiring phage to replicate; (2) 'active treatment', where phage is increased to sufficient density by in situ replication to kill most of the bacteria. Therefore, a wide breadth of dosing ranges could be used during phage treatment, providing the minimum phage density that is necessary to achieve desired levels of bacterial eradication could be attained and then sustained (11) . Based on calculation, Abeton suggested 10 8 pfu/ml phage as the minimal effective phage density (57). For both safety and economic reasons, a standard approach towards phage therapy dosing should be the use of relatively low phage densities, with either repeated dosing or using greater phage densities when phage access to bacteria is limiting, rather than striving under all circumstances to inundate bacteria with substantial excesses of phages (>>10 8 pfu/ ml) (58) . In addition to dosing, timing of phage treatment could also be crucial for successful clinical outcomes (56) . As both the replication and infection processes of bacteria and phage are density-dependent, phage administered too early may be loss from the body before it reaches the replication threshold. The optimal inoculation time will depend on particular phage-bacteria system (56) . Further ex vivo and in vivo studies will be required to determine the suitable dose of the powder containing PEV2 phages, dosing frequency and timing of administration. Overall, the SD method has shown to be a better technique in producing dispersible PEV2 phage powder for pulmonary delivery compared with the ultrasonic SFD method.
CONCLUSION
SFD and SD powder processing techniques were employed to produce inhalable phage powders using various amounts of trehalose, mannitol and L-leucine as the powder matrices. The ability to formulate phages into powder form and potential to deliver phages to the lungs were assessed in vitro. A higher total phage loss was noted for the SFD powders (~2 log loss) due to the more destructive droplet generation process of the ultrasonic nozzle. Although the test PEV2 phage was more vulnerable to evaporative drying process, the SD powders had a slightly lower overall (droplet formation+dry-ing) phage loss (1.5 log loss). All powders were partially crystalline and partially amorphous, with recrystallization taking place at high humidity conditions (>25%). During the aerosolization process, the SD powders loss of~80% phage, was much higher than the SFD powders (~20% phage loss). Despite this, because of the lower powder loss during the powder production process, SD formulations achieved higher total lung dose (SD-F1 = 13.1 ± 1.7 × 10 4 pfu and SD-F2 = 11.0 ± 1.4 × 10 4 pfu) than their counterpart SFD formulations (SFD-F1 = 8.3 ± 1.8 × 10
4 p f u a n d S F D -F 2 = 2 . 1 ± 0.3 × 10 4 pfu). In summary, the SD method produced more stable phage powder formulations and achieved better aerosol performance for the bacteriophage PEV2, and has the potential for providing viable phage for treating lung Pseudomonas infections.
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